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(54) Method and apparatus for in-situ end-point detection and optimization of a chemical- 
mechanical polishing process using a linear polisher 



(57) A linear polishing belt for use in chemical- 
mechanical polishing (CMP) of a substrate comprises 
an opening and a flexible monitoring window secured to 
the belt to close the opening and to create a monitoring 
channel in the belt. A plurality of monitoring channels 
can also be used. A film thickness monitor comprising 
an interferometer can be disposed alongside the belt or 
at least partially within a region bound by it. The moni- 



toring channel and the film thickness monitor can be 
. used in the CMP process to determine the end point of 
the CMP process, determine removal rate at any given 
circumference of a substrate, determine average 
removal rate across a substrate surface, determine 
removal rate variation across a substrate surface, and 
optimize removal rate and uniformity. 
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Description 

Background of the Invention 

The present invention relates to the field of semi- 
conductor substrate processing and, more particularly, 
to the monitoring of material being removed during 
chemical-mechanical polishing of a semiconductor sub- 
strate. 

The manufacture of an integrated circuit device 
requires the formation of various layers (both conduc- 
tive, semiconductive, and non-conductive) above a 
base substrate to form necessary components and 
interconnects. During the manufacturing process, 
removal of a certain layer or portions of a layer must be 
achieved in order to planarize or in order to form the var- 
ious components and interconnects. Chemical- 
mechanical polishing (CMP) is being extensively pur- 
sued to planarize a surface of a semiconductor sub- 
strate, such as a silicon substrate, at various stages of 
integrated circuit processing. It is also used in polishing 
optical surfaces, metrology samples, micro-machinery, 
and various metal and semiconductor based sub- 
strates. 

CMP is a technique in which a polishing agent is 
used along with a polishing pad to polish away materials 
on a semiconductor substrate. The mechanical move- 
ment of the pad relative to the substrate, in combination 
with the chemical reaction of the polishing agent, pro- 
vides an abrasive force with chemical erosion to 
planarize the exposed surface of the substrate (or a 
layer formed on the substrate). 

In the most common method of performing CMP, a 
rotating wafer holder supports a wafer, and a polishing 
pad rotates relative to the wafer surface. The wafer 
holder presses the wafer surface against the polishing 
pad during the planarization process and rotates the 
wafer about a first axis relative to the polishing pad (see, 
for example, U.S. Patent No. 5,329,732). The mechani- 
cal force for polishing is derived from the speed of the 
polishing pad rotating about a second axis different from 
the first and the downward force of the wafer holder. A 
polishing agent is constantly transferred under the wafer 
holder, and rotation of the wafer holder aids in polishing 
agent delivery and in averaging out local variations 
across the wafer. Since the polishing rate applied to the 
wafer surface is proportional to the relative velocity 
between the substrate and the polishing pad, the polish 
rate at a selected point on the wafer surface depends 
upon the distance of the selected point from the two pri- 
mary axes of rotation - that of the wafer holder and that 
of the polish pad. This results in a non-uniform velocity 
profile across the surface of the substrate, and there- 
fore, in a non-uniform polish. Additionally, it is generally 
accepted by those experienced in the art of CMP that a 
higher relative velocity between the wafer and the polish 
pad is desired for superior planarization performance 
(see, for example, Stell et al., in "Advanced Metallization 



for Devices and Circuits - Science, Technology and 
Manufacturability" ed. S.P. Murarka, A. Katz, K.N. Tu 
and K. Maex, pg 151). However, a higher average rela- 
tive velocity in this configuration leads to a less desira- 

5 ble velocity profile across the surface of the substrate, 
and therefore, poor uniformity of polish. 

This problem is solved by using a linear polisher. In 
a linear polisher, instead of a rotating pad, a belt moves 
a pad linearly across the substrate surface to provide a 

10 more uniform velocity profile across the surface of the 
substrate. The substrate is still rotated for averaging out 
local variations as with a rotating polisher. Unlike rotat- 
ing polishers, however, linear polishers result in a uni- 
form polishing rate across the substrate surface 

is throughout the CMP process for uniformly polishing the 
substrate. 

Additionally, linear polishers are capable of using 
flexible belts, upon which the pad is disposed. This flex- 
ibility allows the belt to flex, which can cause a change 

20 in the pad pressure being exerted on the substrate. A 
fluid bearing formed by a stationary platen can be uti- 
lized to control the pad pressure being exerted on a 
substrate at various locations along the substrate sur- 
face, thus controlling the profile of the polishing rate 

25 across the substrate surface. 

Linear polishers are described in a patent applica- 
tion titled "Control of Chemical-Mechanical Pofishing 
Rate Across A Substrate Surface;" Serial No. 
08/638,464; filed April 26, 1996 and in a patent applica- 

30 tion titled "Linear Polisher and Method for Semiconduc- 
tor Wafer Planarization," Serial No. 08/759,172; filed 
December 3, 1996. Fluid bearings are described in a 
patent application titled "Control Of Chemical-Mechani- 
cal Polishing Rate Across A Substrate Surface For A 

35 Linear Polisher;' 1 Serial No. 08/638.462; filed April 26. 
1996 and in U.S. Patent No. 5.558.568. 

Rotating CMP systems have been designed to 
incorporate various in-situ monitoring techniques. For 
example, U.S. Patent No. 5,081 ,421 describes an in-situ 

40 monitoring technique where the detection is accom- 
plished by means of capacitively measuring the thick- 
ness of the dielectric layer on a conductive substrate. 
U.S. Patent Nos. 5,240,552 and 5,439,551 describe 
techniques where acoustic waves from the substrate 

45 are used to determine end point. U.S. Patent No. 
5,597,442 describes a technique where the end point is 
detected by monitoring the temperature of the polishing 
pad with an infrared temperature measuring device. 
U.S. Patent No. 5,595,526 describes a technique where 

so a quantity approximately proportional to a share of the 
total energy consumed by the polisher is used to deter- 
mine end point. U.S. Patent Nos. 5,413,941, 5,433,651 
and European Patent Application No. EP 0 738 561 A1 
describe optical methods for determining end point. 

55 In U.S. Patent No. 5,413,941, a laser light impinges 
onto an area of the substrate at an angle greater than 
70° from a line normal to the substrate, the impinged 
laser light predominantly reflecting off the area as 
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opposed to transmitting through. The intensity of the 
reflected light is used as a measure of a change in 
degree of planarity of the substrate as a result of polish- 
ing. 

In other systems, the light passes through a single s 
monitoring channel, typically a window in the polishing 
table and/or pad. For example, in U.S. Patent No. 
5,433,651, the rotating polishing table has a window 
embedded in it, which is flush with the table as opposed 
to the polishing pad. As the table rotates, the window ic 
passes over an in-situ monitor, which takes a reflect- 
ance measurement indicative of the end point of the pol- 
ishing process. In European Patent Application No. EP 
0 738 561 A1, the rotating polishing table has a window 
embedded in it. which, unlike the one in the '651 patent, is 
is flush with or formed from the polishing pad. A laser 
interferometer is used as the window passes over an in- 
situ monitor to determine the end point of the polishing 
process. 

It is important to note that in these two systems only 2C 
one monitoring channel is used and that this single 
channel moves along with the polishing element and 
platen. Additionally, the window used in the monitoring 
channel of these systems is not required to be flexible, 
since the window and polishing platen and/or pad rotate 2S 
in one plane. 

While rotating platen CMP systems have been 
designed to incorporate in-situ monitoring techniques, 
there is a need for a linear polisher capable of in-situ 
monitoring of a substrate surface and for optimizing the 3C 
chemical-mechanical polishing process. 

Summary of the Invention 

This invention relates to chemical-mechanical pol- 3s 
ishing (CMP) of a substrate using a linear planarization 
tool and a film thickness monitor for end point detection 
and optimization of the CMP process. 

According to a first aspect of the invention, a linear 
polishing belt has an opening placed in it. A monitoring 40 
window is secured to the belt to close the opening and 
to create a monitoring channel in the belt. The monitor- 
ing window comprises a flexible material adapted to flex 
with the belt as the belt moves in use. Alternatively, the 
belt may itself be such that it allows for monitoring the 4S 
surface condition of the substrate being polished. 

According to a second aspect of the invention, the 
above-described belt is used in a linear CMP device. A 
fiim thickness monitor, such as an interferometer, views 
the substrate through the monitoring window to deter- so 
mine the end point of the CMP process. The film thick- 
ness monitor can be disposed alongside the belt or at 
least partially within a region bound by it. A plurality of 
monitoring channels can also be used. 

According to a third aspect of the invention, the lin- 55 
ear polishing belt is used in a method for determining an 
end point of the CMP process by repeatedly measuring 
film thickness of a substrate to determine whether a pre- 
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defined thickness has been reached, in which case the 
fact that end point has been reached can be indicated 
and the CMP process can be terminated. 

According to a fourth aspect of the invention, the 
linear polishing belt is used in a method for determining 
removal rate at any given circumference of a substrate 
while performing CMP by determining the difference 
between two consecutive film thickness measurements 
made through the same monitoring channel in the belt. 

According to a fifth aspect of the invention, the lin- 
ear polishing belt is used in a method for determining 
average removal rate across a substrate surface while 
performing CMP by determining the average of the dif- 
ferences between at least two consecutive film thick- 
ness measurements taken by at least two film thickness 
monitoring devices. 

According to a sixth aspect of the invention, the lin- 
ear polishing belt is used in a method for determining 
removal rate variation across a substrate surface while 
performing CMP by determining the variation of the dif- 
ferences between at least two consecutive film thick- 
ness measurements taken by at least two film thickness 
monitoring devices. 

According to a seventh aspect of the invention the 
linear polishing belt is used in a method for optimizing 
the CMP process by characterizing a polishing process 
to determine effects of processing parameters; and then 
determining removal rate and removal rate variation; 
and then adjusting the polishing process parameters to 
optimize the removal rate and uniformity. 

Brief Description of the Drawings 

Figure 1 is a schematic view of a prior-art linear pol- 
isher. 

Figure 2 is a cross-sectional view of a linear pol- 
isher of a first preferred embodiment. 
Figure 3 is a plan view showing a placement ol 
openings in a platen and a pattern of openings on a 
belt to align with the openings in the platen. 
Figure 4 is a cross-sectional view of a fiber-optic 
transmission line disposed between two layers of a 
belt to provide for an extended optical signal path 
from an outer surface of the belt to a first side sur- 
face of the belt. 

Figure 5 is a plan view showing a placement of 
sensing locations in a belt but not in a plate in which 
a fiber optic arrangement of Figure 4 is employed 
with multiple film thickness monitors. 
Figure 6 is a plan view showing a placement of 
sensing locations in a belt, but not in a platen, in 
which a fiber optic arrangement of Figure 4 is 
employed with only one film thickness monitor. 
Figure 7 is a plan view showing a placement of a 
plurality of openings in a platen and a belt having 
only one opening. 
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Detailed Description of the Presently Preferred 
Embodiments 

Turning now to the drawings, Figure 1 illustrates a 
prior art linear polisher 100 utilized in planarizing a sub- s 
strate (not shown) through a technique generally known 
in the art as chemical-mechanical polishing (CMP). As 
shown in this figure, the linear polisher 100 has a sub- 
strate carrier 110 attached to a polishing head 105 that 
secures the substrate. The substrate is positioned on a 10 
belt 120, which moves about first and second rollers 
130 and 135. As used herein, "belt" refers to a closed- 
loop element comprising at least one layer, at least one 
layer is a layer of polishing material. A discussion of the 
layer(s) of the belt element is developed below. is 

A polishing agent dispensing mechanism 140 pro- 
vides a polishing agent 150 on top of the belt 120. The 
polishing agent 1 50 moves under the substrate along 
with the belt 120 and may be in partial or complete con- 
tact with the substrate at any instant in time during the 20 
polish process. A platen 155 supports the belt 120 
under the substrate carrier 1 10. 

Generally, the substrate carrier 110 rotates the sub- 
strate over the belt 120. A mechanical retaining means, 
such as a retainer ring and/or a vacuum typically holds 25 
the substrate in place. 

The belt 120 is continuous and rotates about the 
rollers 130, 135. Driving means, such as a motor (not 
shown), rotate the rollers 130, 135, causing the belt 120 
to move in a linear motion with respect to the surface of 30 
the substrate. 

As the belt 120 moves in a linear direction, the pol- 
ishing agent dispensing mechanism 140 provides pol- 
ishing agent 150 to the belt 120. A conditioner (not 
shown) is typically used to recondition the belt 120 dur- 35 
ing use by constantly scratching the belt 120 to remove 
polishing agent residue build-up and/or pad deforma- 
tion. 

The belt 1 20 moves between the platen 1 55 and the 
substrate, as shown in Figure 1 . A primary purpose of 40 
platen 155 is to provide a supporting platform on the 
underside of the belt 120 to ensure that the belt 120 
makes sufficient contact with the substrate for uniform 
polishing. Typically, the substrate carrier 110 presses 
downward against the belt 120 with appropriate force, 45 
so that the belt 120 makes sufficient contact with the 
substrate for performing CMP Since the belt 120 is flex- 
ible and will depress when the substrate presses down- 
ward onto it, the platen 155 provides a necessary 
counteracting support to this downward force. so 

The platen 155 can be a solid platform or it can be 
a fluid bearing (which includes one or more fluid chan- 
nels). A fluid bearing is preferred because the fluid flow 
from the platen 155 can be used to control forces 
exerted against the underside of the belt 120. By such 55 
fluid flow control, pressure variations exerted by the belt 
120 on the substrate can be controlled to provide a 
more uniform polishing rate of the substrate. Examples 



of fluid bearings are disclosed in the aforementioned 
patent applications and in U.S. Patent No. 5,558,568, 
each incorporated by reference. 

FIRST PREFERRED EMBODIMENT 

Figure 2 shows a cross section of a first preferred 
embodiment of the present invention, which represents 
an improvement to the prior-art linear polisher 100 
described above. As in the prior-art embodiment, the 
linear polisher 200 of Figure 2 comprises a substrate 
carrier 210, a layer of polishing agent 215, a belt 220, 
and a platen 240 for performing CMP on a substrate 
(not shown). The belt 220 has a layer of polishing mate- 
rial (not shown), an inner surface 201 , and an outer sur- 
face 202. (The composition of the belt 220 is described 
in more detail below.) New to this embodiment is an 
opening 230 in the belt 220 (extending from its inner 
surface 201 to its outer surface 202) and an opening 
245 in the platen 240. Additionally, a layer of liquid mist 
such as that of de-ionized water 255 lies between the 
belt 220 and the platen 240. 

This embodiment performs CMP in the same way 
as the prior-art linear polisher 100 described above. 
Unlike the above-described polisher 100, this polisher 
200 can be used with an in-situ film thickness monitor 
250. Unlike the in-situ monitors used in some of the 
rotating platen systems, two monitoring channels are 
used in this embodiment - one that is stationary in the 
platen and one that moves with the polishing belt. 

As the belt 220 moves linearly under the substrate 
during the CMP process, the opening 230 in the belt 
220 passes over the opening 245 in the platen 240. 
When the openings 230, 245 align (as shown in Figure 
2), an optical circuit is completed between the substrate 
and the film thickness monitor 250. and in-situ monitor- 
ing can be performed. The monitoring process will be 
discussed in greater detail below. 

While they can be left open, the openings 230, 245 
in the belt 220 and the platen 240 have monitoring win- 
dows 232, 242 embedded in them. The monitoring win- 
dow 232 in the belt 220 is substantially transparent to 
light within a selected range of optical wavelengths and 
extends completely or partially between the inner 201 
and outer 202 surfaces of the belt 220. Generally, the 
monitoring window 232 in the belt 220 ensures that no 
polishing agent 215 or water leaks to the underside of 
the belt 220. By being flush with the outer surface 202 of 
the belt 220, implications with the polishing process are 
avoided. By being flush with the inner surface 201 of the 
belt 220, the creation of turbulent regimes in the fluid 
bearing of the platen 240 is avoided (though, it could be 
just a little raised or recessed). 

Unlike the windows in the prior art, rotating platen 
systems, the monitoring window 232 should also be 
flexible enough to ride over the rollers (which can range 
from 2 to 40 inches in diameter) moving the belt 220 and 
should be made of a material that will have a maximum 
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effect on the polishing results due to its presence. 
Depending on the monitoring system used, the monitor- 
ing window 232 may also need a particular optical char- 
acteristic (e.g., maximum transmission of radiation from 
about 200 nm up to about 2000 nm in wavelength with 
minimum absorption or scattering). 

The monitoring window 242 filling the opening 245 
in the platen 240 is preferably flush with the top surface 
of the platen 240 to prevent polishing agent from flowing 
into the film thickness monitor 250 and to avoid creation 
of turbulent regions in the fluid bearing of the platen 
240. As with the monitoring window 232 in the belt 220, 
the monitoring window 242 in the platen 240 preferably 
provides desired optical characteristics (e.g, maximum 
transmission of the spectrum of light being generated 
from the monitor 250 and reflected from the surface of 
the substrate). 

SECOND PREFERRED EMBODIMENT 

While the belt 220 of the above embodiment con- 
tains only one opening, a plurality of openings can be 
used. As shown in Figure 3, the belt 310 can contain a 
plurality of openings 320, 322, 324, 326. 328. For each 
opening 320, 322, 324, 326, 328 in the belt 310, there is 
a corresponding opening 330, 332, 334, 336, 338 in the 
platen under the substrate carrier 340. Each opening 
330, 332, 334, 336, 338 is aligned with a respective film 
thickness monitor. As above, each opening can be 
closed by a monitoring window. 

In this figure, there are five openings, one at the 
center of the substrate and four arranged at 90 degree 
intervals. It is appreciated that the number or the pattern 
of the openings is a design choice. For example, the 
openings can be linearly or concentrically arranged. 
With several film thickness monitors distributed under 
respective locations of the belt 310, non-uniformity of 
the polishing process across the substrate surface can 
be ascertained. 

Alternatively, as Figure 7 shows, a single opening 
720 in the belt 710 can be used with multiple openings 
730, 732, 734 in the platen, each opening correspond- 
ing to a respective film thickness monitor. As above, 
each opening can be closed by a monitoring window. 
The openings 730, 732, 734 in the platen are aligned in 
a straight line parallel to belt 710 motion. When the belt 
opening 720 is aligned with one of the openings 730, 
732, 734 in the platen, the film thickness monitor corre- 
sponding to that platen opening can make a measure- 
ment of the surface condition of the polished object. 
With this arrangement, the condition of multiple areas of 
the surface can be monitored with a single opening in 
the belt 710. It is important to note that the number and 
position of platen openings, as well as the number of 
straight lines parallel to the belt 710, is a design choice. 



THIRD PREFERRED EMBODIMENT 

Figure 4 shows another alternative embodiment. 
Here, there is no opening in the platen for a monitoring 

5 channel. Instead, an opening 420 is formed in the belt 
415 for an extended monitoring channel. This figure 
shows a belt 415 having two layers (one of which is 
layer 410), an inner surface 401, an outer surface 402, 
a first side surface 403, and a second side surface 404. 

ic The monitoring channel 420 is such that the optical path 
travels laterally parallel to the upper surface of one layer 
410 of the belt 415 from the outer surface 402 to the first 
side surface 403. A film thickness monitor 440 is posi- 
tioned adjacent to the first side surface 403 of the belt 

is 415, instead of under the belt 415. 

In this embodiment, a monitoring window fills the 
opening 420 to complete the optical circuit from the sub- 
strate to the film thickness monitor 440. This monitoring 
window can be a flexible fiber optic element. 

20 As with the embodiments described above, this 
approach can be implemented with more than one mon- 
itoring channel. Figure 5 shows a plan view of an 
embodiment having a plurality of monitoring channels 
520, 522, 524, 526, 528. Here, a linearly aligned, 

25 slanted hole pattern is shown formed on the belt 510. 
The distal end of the fiber-optic transmission lines are 
terminated adjacent to a row of film thickness monitors 
530, 532, 534, 536, 538 arranged along the side of the 
linearly moving belt 510. In this arrangement, the posi- 

30 tions of the film thickness monitors can be adjusted to 
align with the optic fibers, since the film thickness mon- 
itors can be made movable. Thus, this embodiment 
allows for less stringent requirement in the placement of 
the monitoring channels, since adjustments can be 

35 made in the positions of the film thickness monitors 530. 
532, 534, 536. 538. 

While a plurality of film thickness monitors are 
shown in Figure 5, a single film thickness monitor 630 
can be used, as Figure 6 illustrates. This single film 

Ac thickness monitor 630 is positioned along side the mov- 
ing belt 610 and takes the place of multiple film thick- 
ness monitors. In this embodiment, the optical-fiber- 
filled monitoring channels 620, 622, 624, 626, 628 can 
be made to traverse across the film thickness monitor 

45 630 in a linear arrangement. Although detection cannot 
be performed simultaneously in multiple monitoring 
channels, as when multiple film thickness monitors are 
utilized, data can still be obtained for each monitoring 
channel. 

so It is important to note that in the above alternatives, 
the monitoring channel can either extend from the outer 
to the first side surface (in which case the monitor can 
be positioned along the side of the belt) or extend from 
the outer surface to the inner surface of the belt (in 

55 which case the monitor can be at least partially dis- 
posed within the belt). It is also important to note that 
the pattern of openings on the belt may be repeated 
more than once in order to obtain multiple measure- 
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merits per belt rotation. This provides more data points 
per unit time, thereby improving the quality of the results 
obtained. 

BEST MODE AND BELT CONSTRUCTION 

Using a fluid bearing (preferably air) is more advan- 
tageous than using a solid platen, since monitoring data 
can be used to adjust the fluid pressure at varying loca- 
tions of the platen to provide in-situ correction during the 
polishing process. It is preferred that the platen have 
about 1 -30 fluid flow channels. It is also preferred that a 
pre-wet layer of de-ionized water mist be used between 
the platen and the bolt to sweep away any polishing 
agent that happens to come underneath the belt, pre- 
venting blockage of the flow channels. 

The monitoring window in the platen is preferably 
made from a hard, scratch-resistant material such as 
sapphire. A sapphire window from the Swiss Jewel 
Company (Part No. W12.55) is preferred. The monitor- 
ing window in the platen is secured in place with an 
adhesive sufficiently strong to withstand the conditions 
of the CMP process It is preferred that the monitoring 
window have an anti-reflective coating on one or more 
surfaces. 

In using the above embodiments, it is preferred that 
a carrier film such as that available from Rodel (DF200) 
be used between the substrate and the substrate car- 
rier. The substrate carrier preferably presses the sub- 
strate against the belt with a pressure of about 5 psi. 

The polishing agent has a pH of about 1 .5 to about 
12. One type of polishing agent .that can be used is 
Klebesof available from Hoechst, although other types 
of polishing agent can be used depending on the appli- 
cation. 

During the CMP process, the rollers preferably 
rotate at a rate so as to provide a belt speed of about 
400 ft/min. The belt should be tensioned with a force of 
about 600 lbs. 

As mentioned above, a "belt" comprises at least 
one layer of material, one of which is a layer of polishing 
material. There are several ways in which to construct a 
belt. One way uses a stainless steel belt, which can be 
purchased from Belt Technologies, having a width of 
about 14 inches and a length of about 93.7 inches, inner 
diameter. (In addition to stainless steel, a base layer 
selected from the group consisting of aramid, cotton, 
metal, metal alloys, or polymers can be used.) The pre- 
ferred construction of this multi-layered belt is as fol- 
lows. 

The stainless steel belt is placed on the set of roll- 
ers of the CMP machine and is put under about 2,000 
lbs of tension. When the stainless steel belt is under 
tension, a layer of polishing material, preferably Rodel's 
IC 1000 polishing pad, is placed on the tensioned stain- 
less steel belt. An underpad, preferably made of PVC, is 
attached to the underside of the stainless steel belt with 
an adhesive capable of withstanding the conditions of 



the CMP process. The constructed belt preferably will 
have a total thickness of about 90 mils; about 50 mils of 
which is the layer of polishing material, about 20 mils of 
which is the stainless steel belt, and about 20 mils of 

5 which is the PVC underpad. 

There are several disadvantages of the above con- 
struction method. First, because the stainless steel belt 
needs to be tensioned on the rollers, there is down time 
for the CMP machine. Second, this construction 

to requires technicians and time to place the pad on the 
stainless steel belt. 

To overcome these disadvantages, the belt can be 
formed as one integrated component as described in a 
patent application titled "Integrated Pad and Belt for 

is Chemical Mechanical Polishing;" Serial No. Serial No. 
08/800,373, filed February 14, 1997, hereby incorpo- 
rated by reference. The preferred construction of such 
an assembly follows. 

This belt is formed around a woven Kevlar fabric. It 

20 has been found that a 16/3 Kevlar, 1500 Denier fill and 
a 1 6/2 cotton, 650 Denier warp provide the best weave 
characteristics. As is well known in the art, "fill" is yarn 
in the tension-bearing direction, and "warp", is yarn in 
the direction perpendicular to the tension bearing direc- 

25 tion. "Denier" defines the density and diameter of the 
mono-filament. The first number represents the number 
of twists per inch, and the second number refers to the 
number of filaments that are twisted in an inch. 

The woven fabric is placed in a mold that preferably 

30 has the same dimensions as the stainless steel belt 
described above. A clear polyurethane resin (as 
described in more detail below) is poured into the mold 
under a vacuum, and the assembly is then baked, de- 
molded, cured, and ground to the desired dimension. 

35 The resin may be mixed with fillers or abrasives in order 
to achieve desired material properties and/or polishing 
characteristics. Since fillers and abrasive particles in the 
polishing layer may scratch the polished article, it is 
desired that their average particle size be less than 

40 about 100 microns. Such a belt can be obtained pre- 
constructed from Belting Industries. 

Instead of molding and baking the woven fabric with 
polyurethane, a layer of polishing material, preferably a 
Rodel IC 1000 polishing pad, can be attached to the 

45 woven fabric or the preconstructed belt as it was on the 
stainless steel belt. 

In any of these belt constructions, fillers and/or 
abrasive particles (having an average particle size less 
than 100 microns) can be dispersed throughout the poi- 
se ishing layer to enable use of lower concentration of 
abrasive particles in the polishing agent. The reduction 
of abrasive particle concentration in the polishing agent 
leads to substantial cost savings (typically, polishing 
agent costs represent 30-40% of the total cost of CMP 

55 processes). It also leads to a reduction in light scatter- 
ing due to the presence of polishing agent particles. 
This reduces noise in the signal obtained by the monitor 
and helps in getting more accurate and repeatable 
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results. 

The polishing layer may also comprise a polishing 
agent transport channel. The polishing agent transport 
channel is a texture or pattern in the form of grooves 
(depressions) etched or molded into the surface of the 5 
polishing layer. These grooves may be, for example, of 
rectangular. U-, or V-shape. Typically, these channels 
are less than 40 mils deep, and less than 1 mm wide at 
the polishing layer's upper surface. The polishing agent 
transport channels are typically arranged in a pattern w 
such that they run the length of the polishing surface. 
However, they may be arranged in any other pattern as 
well. The presence of these channels greatly enhances 
the transport of polishing agent between the polishing 
layer and polish substrate. This leads to improved pol- is 
ishing rates and uniformity across the substrate surface. 

With any of the belts described above, a hole may 
be punched in the belt at the desired location to form the 
opening. The opening in the belt is preferably V2 inch in 
width (across the belt) by 3 V2 inches in length (along 20 
the belt). 

The monitoring window filling the opening in the belt 
can be made up of a variety of materials such as ure- 
thane, clear polyurethane (solid, filled, blown or 
extruded), PVC, clear silicone, or many other plastics. It 25 
is preferred, however, that clear polyurethane be used, 
as this material has maximum transmission of radiation 
from about 200 nm up to about 2000 nm in wavelength 
with minimum absorption or scattering. A suitable clear 
urethane resin can be purchased as "Calthane ND 2300 30 
System" and "Calthane ND 3200 System" from Cal Pol- 
ymers, Inc., 2115 Gaylord St., Long Beach, California. 
The layer of polishing material can be made from a sim- 
ilar material to ensure minimum effect on the polishing 
results. 35 

The monitoring window can be secured in the open- 
ing with an adhesive sufficiently strong to hold the mon- 
itoring window in place during the CMP process. The 
adhesive is preferably 2141 Rubber and Gasket adhe- 
sive available from 3M, Minneapolis, Minnesota. 40 

Alternatively, the monitoring window can be molded 
directly in the belt. For the belt with a stainless steel 
layer, the polyurethane resin can be cast in the opening. 
A casting with a mirror-finished rubber lining can be 
placed on both sides of the opening during the curing 45 
process. For the belt with the woven fabric layer, open- 
ings can be made in the woven fabric before placing it in 
the mold. After the baking process described above, the 
opening in the beit wouid contain the polyurethane mon- 
itoring window. so 

As an alternative to placing openings in the belt, 
each layer of the belt can be partially or completely 
made of a material substantially transparent to light 
within a selected range of optical wavelengths, such as 
about 200 nm to about 2000 nm, eliminating the need to 55 
provide a monitoring window in the belt. For example, 
the fabric may be woven with Kevlar or some other 
material so as to provide openings in the fabric, or may 
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be constructed with optically clear fiber. Clear poly- 
urethane (or some other clear material) is then molded 
onto the fabric in a manner described above. This 
results in a belt assembly that is appropriate for film 
thickness measurements. 

FILM THICKNESS MONITOR 

In the embodiments described above, a film thick- 
ness monitor is used, either disposed at least partially 
within a region bound by the belt (/.e., in the platen) or 
disposed alongside the belt. In the former case, the 
platen is stationary (unlike the prior art rotary systems) 
with respect to the belt and has an opening formed 
therein. The monitor can be disposed at least partially 
within this opening. A second monitoring window can 
secure to the platen and close the opening. This window 
can be substantially transparent to light within a 
selected range of optical wavelengths, such as about 
200 nm to about 2000 nm. 

During the polishing process, the optical circuit is 
completed when the monitoring channel in the belt is 
aligned with the film thickness monitor, as detected by a 
sensor. The sensor is preferably a short distance diffuse 
reflex sensor (such as Sunx model number CX-24). The 
sensor enables the film thickness monitor to measure 
the surface state of the substrate being polished. Unlike 
the sensors used in rotary platen system, this sensor 
does not detect when a wafer is aligned with a single 
monitoring channel in a moving platen, but rather 
detects when the monitoring window in the belt is 
aligned with the film thickness monitor. 

The information obtained from the film thickness 
monitor may be used in several ways. The film thickness 
monitor can be used to determine the end point of the 
CMP process. It is important to stop the CMP process 
upon the removal of the last unwanted layer or when a 
specified amount of substrate film is left behind. As a 
consequence, end point detection is necessary and 
highly desirable to indicate when the last layer has been 
removed or when a specified amount of substrate film is 
left behind. During the polish process, a train of film 
thickness data points is generated each time a monitor- 
ing channel in the belt is aligned with a film thickness 
monitor. When the film thickness reaches the prede- 
fined desired thickness, end point is reached, and the 
polish process is terminated. Therefore, the film thick- 
ness monitors described below may be used to deter- 
mine and indicate the end point and may be used to 
manually or automatically end the CMP process in the 
above-described embodiments. 

A common film thickness monitor used in the prior 
art utilizes an interferometer. Information about interfer- 
ometry can be found in the following references. Brown, 
R. Hanbury "The Intensity Interferometer" Taylor and 
Francis, London (1974); Hariharan, P "Optical Interfer- 
ometry" Academic Press, Sydney (1985); Steel, W.H. 
"Interferometry"* Cambridge University Press, Cam- 
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bridge (1983). 

Several U.S. patents disclose a variety of end point 
detection system. U.S. Patent No. 5,081 ,796 uses laser 
interferometry as an end point detection means. U.S. 
Patent No. 4,462,860 describes an end point detection s 
system in which interfering reflections produce oscillat- 
ing signals, which are processed to produce a logical 
output indicative of end point. End point detection in 
U.S. Patent No. 4,776,695 uses a scanning mono- 
chrometer to determine end point based on a received io 
reflected light. The system in U.S. Patent No. 5,433,651 
determines end point by measuring the ratio of incident 
light to reflected light. European Patent Application No. 
EP 0 738 561 A1 also describes a detection system in 
which the phase relationship between light reflected 15 
from the surface of the substrate and underlying layers 
is analyzed to determine the end point. Each of these 
patents is hereby incorporated by reference. 

It is important to note that these are merely exam- 
ples and that any end point detection system and film 20 
thickness monitor can be used. For example, thickness 
can be measured with a film thickness monitor using 
ellipsometry, beam profile reflectometry, or optical 
stress generator beam-based techniques (as described 
in U.S. Patent Application Serial No. 25 

(Attorney Docket No. 7103/28), 

assigned to the assignee of the present application) or 
preferably with multi-wavelength spectroscopy (as 
described in U.S. Patent Application Serial No. 

(Attorney Docket No. 7103/29) 30 

assigned to the assignee of the present application), 
each of which is hereby incorporated by reference. 

The above embodiments can be used in a method 
for determining the end point of the CMP process using 
a linear belt. When a monitoring channel in the belt 35 
aligns with a film thickness monitor, an optical circuit is 
completed between the film thickness monitor and the 
substrate. This enables measurement of the surface 
state of the substrate. Each time a monitoring channel 
in the belt is aligned with a film thickness monitor, a film 40 
thickness measurement is made. Therefore, a 
sequence of film thickness measurements are made 
during the polishing process. When the film thickness 
reaches a predefined thickness, end point is reached 
and can be indicated, and the polishing process can be 45 
terminated. 

These embodiments can also be used in a method 
for determining removal rate at any given circumference 
of a substrate while performing a chemical-mechanical 
polishing process using a linear polishing belt. When a so 
monitoring channel in the belt aligns with a film thick- 
ness monitor, the film thickness monitor determines a 
film thickness at any given circumference on the sub- 
strate as described above. The difference of two con- 
secutive film thickness measurements made through 55 
the same monitoring channel in the belt is the film 
removal rate per belt revolution. Therefore, for a known 
belt speed, removal rate of the substrate is determined 



as thickness per unit time. 

This method can also be adapted to determine the 
removal rate variation and average removal rate across 
a substrate surface. This is achieved in a similar manner 
to that described above, but with the use of multiple 
monitoring channels in the belt or in the platen. In this 
case, each monitoring channel results in a film thick- 
ness measurement at a predefined circumference of the 
wafer substrate. Therefore, with every belt revolution, 
multiple film thickness measurements are made across 
the substrate surface. As described above, each of the 
measurements is converted into a removal rate. The 
average and variation of the removal rate across the 
substrate surface is thus computed. For example, the 
standard deviation of the measurements is indicative of 
the removal rate variation across the substrate surface. 

Additionally, the information gathered by the film 
thickness monitor can be used to adjust processing 
parameters of the linear polisher. First, the polishing 
process is characterized in order to determine the 
effects of polish parameters such as polish pressure, 
belt speed, carrier speed, polishing agent flow. etc. on 
responses such as substrate removal rate, uniformity, 
etc. A suitable model may be generated using software 
such a RS/1 available from BBN Software. During the 
polishing process, removal rate and removal rate varia- 
tion across the substrate (uniformity) are determined as 
described above. This information would then be used 
in conjunction with the model developed to adjust the 
polish parameters (such as, but not limited to, down 
force, belt speed, and carrier speed) in order to optimize 
the removal rate and/or uniformity. This optimization 
may happen either in real time or in a delayed manner. 

It is important to note that while "substrate" has 
been used as a working example for the above- 
described embodiments, any polished object can be 
used. 

It is intended that the foregoing detailed description 
be understood as an illustration of selected forms that 
the invention can take and not as a definition of the 
invention. It is only the following claims, including all 
equivalents, which are intended to define the scope of 
this invention. 

Claims 

1 . A chemical mechanical polishing element compris- 
ing: 

a belt comprising a layer of polishing material, 
said belt formed in a closed loop and having an 
opening formed therein; and 
a monitoring window secured to the belt to 
close the opening and to create a monitoring 
channel in the belt, said window comprising a 
flexible material adapted to flex with the belt as 
the belt moves in use. 
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In a linear chemical mechanical polishing device of 
the type comprising: at least two rollers; a belt com- 
prising a layer of polishing material and mounted to 
extend between the rollers such that rotation of the 
rollers drives the belt; and a substrate carrier posi- 5 
tioned adjacent the belt to press a substrate into 
contact with the belt intermediate the rollers; the 
improvement comprising: 

said belt having an opening formed therein, w 
said opening positioned to move intermittently 
into alignment with the substrate as the belt is 
driven by the rollers; and 
said belt further comprising a monitoring win- 
dow secured to the belt to close the opening 15 
and to create a monitoring channel in the belt, 
said window comprising a flexible material 
adapted to flex with the belt as the window 
moves around and between the rollers in use 

2C 

ir. a linear chemical mechanical polishing device of 
the type comprising: least two rollers; a belt com- 
prising a layer of polishing material and mounted to 
extend between the rollers such. that rotation of the 
rollers drives the belt; a platen stationary with 25 
respect to the belt; and a substrate carrier posi- 
tioned adjacent the belt to press a substrate into 
contact with the belt intermediate the rollers; the 
improvement comprising: 

3C 

said belt having an opening formed therein, 
said opening positioned to move intermittently 
into alignment with the substrate as the belt is 
driven by the rollers; 

said belt further comprising a first monitoring 35 
window secured to the belt to dose the opening 
and to create a first monitoring channel in the 
belt; 

said platen having an opening formed therein, 
said opening being positioned to align with the 40 
belt opening; and 

said platen further comprising a second moni- 
toring window secured to the platen to close 
the opening in the platen to create a second 
monitoring channel in the platen. 45 

The invention of Claim 3, wherein said first monitor- 
ing window comprises a flexible material adapted to 
flex with the belt as the first monitoring window 
moves around and between the rollers in use. so 

The invention of Claim 1, 2, or 3, wherein the win- 
dow in the belt is substantially transparent to light 
within a selected range of optical wavelengths. 

55 

The invention of Claim 5 wherein the window in the 
belt is substantially transparent to light within the 
range of about 200 nm to about 2000 nm. 



7. The invention of Claim 1 , 2, or 3. wherein the belt 
comprises inner, outer, and first and second side 
surfaces, and wherein the opening in the belt and 
the window in the belt extend between the inner and 
outer surfaces. 

8. The invention of Claim 1, 2, or 3. wherein the belt 
comprises inner, outer, and first and second side 
surfaces, and wherein the opening in the belt and 
the window in the belt extend between the outer 
and the first side surfaces. 

9. The invention of Claim 8 wherein the window in the 
belt comprises a flexible fiber optic element. 

10. The invention of Claim 1, 2, or 3 further comprising 
a plurality of additional openings in the belt and a 
plurality of additional monitoring windows in the 
belt, each additional monitoring window closing a 
respective one of the additional openings. 

11. The invention of Claim 10 wherein the opening in 
the belt and additional openings in the belt are 
arranged in a crossing pattern. 

12. The invention of Claim 11 wherein the pattern is 
repeated more than once along the belt. 

13. The invention of Claim 10 wherein the opening in 
the belt and additional openings in the belt are 
arranged in a linear pattern. 

14. The invention of Claim 13 wherein the pattern is 
repeated more than once along the belt. 

15. The invention of Claim 13 wherein the belt com- 
prises inner, outer, and first and second side sur- 
faces, and wherein the linear pattern is skewed with 
respect to the first side surface. 

16. The invention of Claim 1, 2, or 3. wherein the belt 
further comprises a base layer beneath the layer of 
polishing material, the base layer selected from the 
group consisting of aramid, cotton, metal, metal 
alloys, and polymers. 

17. A chemical mechanical polishing element compris- 
ing a belt comprising a layer of polishing material, 
said beii formed in a ciosed loop and being at least 
partially comprised of a layer of materia! substan- 
tially transparent to light within a selected range of 
optical wavelengths. 

18. In a linear chemical mechanical polishing device of 
the type comprising: at least two rollers; a belt com- 
prising a layer of polishing material and mounted to 
extend between the rollers such that rotation of the 
rollers drives the belt; and a substrate carrier posi- 
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tioned adjacent the belt to press a substrate into 
contact with the belt intermediate the rollers; the 
improvement comprising said belt being at least 
partially comprised of a layer of material substan- 
tially transparent to light within a selected range of 5 
optical wavelengths. 



28. The invention of Claim 23 wherein the belt com- 
prises inner, outer, and first and second side sur- 
faces, wherein the opening and the window extend 
between the outer and first side surfaces, and 
wherein the film thickness monitor is disposed 
alongside the belt. 



19. The invention of Claim 1 7 or 1 8 wherein the layer of 
material is substantially transparent to light within 
the range of about 200 nm to about 2000 nm. 

20. The invention of Claim 1 , 2, 3, 1 7, or 1 8 wherein the 
belt comprises a surface comprising polishing 
agent transport channels. 

21 . The invention of Claim 1 , 2, 3, 1 7, or 1 8 wherein the 
layer of polishing material comprises a plurality of 
fillers dispersed throughout said layer of polishing 
material, the fillers having an average particle size 
less than about 100 microns. 



29. The invention of Claim 23 wherein the film thick- 
ness monitor comprises an interferometer. 

10 

30, The invention of Claim 26 further comprising; 

a plurality of additional openings in the platen 
.... ^and a plurality of additional monitoring win- 
's dows, each additional monitoring window clos- 
ing a respective one of the additional openings 
in the platen; and 

a plurality of additional film thickness monitors 
aligned with each respective additional open- 
20 ing in the platen. 



22. The invention of Claim 1, 2, 3, 17, or 18 wherein the 
layer of polishing material comprises a plurality of 
abrasive particles dispersed throughout said layer 

of polishing material, the abrasive particles having 25 
an average particle size less than about 100 
microns. 

23. The invention of Claim 2 further comprising: 

30 

a film thickness monitor secured with respect to 
the rollers in alignment with the monitoring win- 
dow in the belt such that the monitoring window 
in the belt intermittently moves past the film 
thickness monitor as the belt is driven by the 35 
rollers. 

24. The invention of Claim 23 wherein the belt com- 
prises inner, outer, and first and second side sur- 
faces, wherein the opening and the window extend 40 
between the inner and outer surfaces, and wherein 

the film thickness monitor is disposed at least par- 
tially within a region bounded by the belt. 

25. The invention of Claim 23 wherein the polishing 45 
device further comprises a platen stationary with 
respect to the belt and having an opening formed 
therein, and wherein the film thickness monitor is 
disposed at least partially within the opening 
formed in the platen. 50 



31. The invention of Claim 30 wherein the opening and 
the additional openings in the platen are arranged 
so the opening in the belt passes over the opening 
and the additional openings in the platen. 

32. The invention of Clam 30 further comprising a plu- 
rality of additional openings in the belt and a plural- 
ity of additional monitoring windows in the belt, 
each additional monitoring window in the belt clos- 
ing a respective one of the additional openings in 
the belt, the opening in the belt and the additional 
openings in the belt corresponding to the opening in 
the platen and the additional openings in the platen. 

33. A method for determining an end point of a chemi- 
cal-mechanical polishing process with an interfer- 
ometer using a linear polishing belt, the method 
comprising the steps of: 

(a) measuring a film thickness of a substrate 
during a chemical-mechanical polishing proc- 
ess with an interferometer when a monitoring 
channel in a belt aligns with a film thickness 
monitor; and then 

(b) repeating step (a) until the measured film 
thickness reaches a predefined thickness; and 
then 

(c) indicating that end point has been reached. 

34. The invention of Claim 33 further comprising the 
step of terminating the chemical-mechanical polish- 
ing process when the film thickness reaches a pre- 
defined thickness. 

35. A method for determining removal rate per belt rev- 
olution at any given circumference of a substrate 
while performing a chemical-mechanical polishing 



26. The invention of Claim 25 wherein a second moni- 
toring window secures to the platen and closes the 
opening formed in the platen. 

27. The invention of Clam 26 wherein the second mon- 
itoring window is substantially transparent to light 
within a selected range of optical wavelengths. 
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process using a linear polishing belt, the method 
comprising the steps of: 

(a) measuring a first film thickness of a sub- 
strate with an interferometer during a chemical- 5 
mechanical polishing process when a monitor- 
ing channel in a belt aligns with a film thickness 
monitor; and then 

(b) measuring a second film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when the moni- 
toring channel in a belt realigns with the film 
thickness monitor; and then 

(c) calculating a difference between the second 
film thickness and the first film thickness. 

36. A method for determining average removal rate per 
belt revolution across a substrate surface while per- 
forming a chemical-mechanical polishing process 
using a linear polishing belt, the method comprising 
the steps of: 



37. A method for determining removal rate variation per 
belt revolution across a substrate surface while per- 
forming a chemical -mechanical polishing process 
using a linear polishing belt, the method comprising 55 
the steps of: 



strate with an interferometer during a chemical- 
mechanical polishing process when a first 
monitoring channel in a belt aligns with a first 
film thickness monitor; and then 

(b) measuring a second film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when the first 
monitoring channel in a belt realigns with the 
first film thickness monitor; and then 

(c) measuring a third film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when a second 
monitoring channel in a belt aligns with a sec- 
ond film thickness monitor; and then 

(d) measuring a fourth film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when the second 
monitoring channel in a belt realigns with the 
second film thickness monitor; and then 

(e) calculating a difference between the second 
film thickness of step (b) and the first film thick- 
ness of step (a); and 

(f) calculating a difference between the fourth 
film thickness of step (d) and the third film thick- 
ness of step (c); and then 

(g) calculating a variation of the differences of 
steps (c) and (f). 

38. A method of optimizing a chemical-mechanical pol- 
ishing process comprising the steps of: 

(a) characterizing a polishing process to deter- 
mine effects of processing parameters; and 
then 

(b) determining removal rate; and then 

(c) adjusting the polishing process parameters 
to optimize the removal rate. 

39. The invention of Claim 38 further comprising the 
steps of: 

(d) determining removal rate variation; and 
then 

(e) adjusting the polishing process parameters 
to optimize uniformity. 

40. The invention of Claim 1 , 2, or 3, wherein the mon- 
itoring window in the belt comprises urethane. 

41. The invention of Claim 26 or 30 wherein the moni- 
toring window in the platen comprises sapphire. 

42. The invention of Claim 23 wherein the film thick- 
ness monitor further comprises a sensor for detect- 
ing when the monitoring window in the belt is in 
alignment with the ] film thickness monitor. 



75 



(a) measuring a first film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when a first 25 
monitoring channel in a belt aligns with a first 
film thickness monitor; and then 

(b) measuring a second film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when the first 3c 
monitoring channel in a belt realigns with the 
first lilm thickness monitor; and then 

(c) measuring a third film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when a second 35 
monitoring channel in a belt aligns with a sec- 
ond film thickness monitor; and then 

(d) measuring a fourth film thickness of a sub- 
strate with an interferometer during a chemical- 
mechanical polishing process when the second 4c 
monitoring channel in a belt realigns with the 
second film thickness monitor; and then 

(e) calculating a difference between the second 
film thickness of step (b) and the first film thick- 
ness of step (a); and 45 

(f) calculating a difference between the fourth 
film thickness of step (d) and the third film thick- 
ness of step (c); and then 

(g) calculating an average of the differences of 
steps (e) and (f). sc 



(a) measuring a first film thickness of a sub- 
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